represents the underlying etiology in a significant percentage of posterior circulation ischemic strokes and subarachnoid hemorrhages. These lesions are particularly challenging in their diagnosis, management, and in the prediction of longterm outcome. Advances in the understanding of underlying processes leading to dissection, as well as the evolution of modern imaging techniques are discussed. The data pertaining to medical management of intracranial VADs, with emphasis on anticoagulants and antiplatelet agents, is reviewed. Surgical intervention is discussed, including, the selection of operative candidates, open and endovascular procedures, and potential complications. The evolution of endovascular technology and techniques is highlighted.
Introduction
Intracranial vertebral artery dissection (VAD) represents an increasingly realized underlying etiology of ischemic and hemorrhagic intracranial pathology especially in young adults. Complicating the management of intracranial VAD is the development of pseudoaneurysms and the potential for subarachnoid hemorrhage (SAH). Advances in the study of the cellular and biochemical mechanisms of vascular injury have led to an improvement in the understanding of vessel dissection and resultant thromboembolism. Improvements in invasive and non-invasive imaging techniques has led to more rapid diagnoses, enhanced treat-ment paradigms, and improved long-term management. Multiple controversies related to the medical and surgical management of these traditionally complex lesions currently exist.
A review of the literature reveals a paucity of prospective randomized data pertaining to the management of intracranial VAD. We examine the existing literature with regards to the etiology, pathophysiology, diagnosis, and management of intracranial VAD. Medical management is reviewed with special emphasis on the data regarding anticoagulation and antiplatelet therapy. Furthermore, traditional open surgical management of intracranial VADs is discussed and compared to emerging endovascular interventions.
Epidemiology
Once considered quite rare, vertebral artery dissection (VAD) has now been recognized as a significant source of neurologic morbidity and mortality with an annual incidence of approximately 1-1.5/100,000 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The vertebral artery, which is involved in up to 81.6% of cases, is the most commonly involved artery in spontaneous posterior circulation dissections 11 . These dissections are associated with a mortality rate ranging between from 19 to 83% 12 . Importantly, VADs represent a significant cause of stroke in the young, accounting for 10-25% of strokes in those aged 25-45 years 13 . VADs predominantly affect those patients in the fourth decade of life, an age slightly more advanced than the patient population afflicted with carotid dissections (second and third decades) 3, 14, 15 . Advancing age
Anatomical Considerations
The vertebral arteries, which originate as the first branch of the subclavian arteries, most commonly enter the transverse foramina at the level of C6. The arteries then course through the remaining transverse foramina and enter the intracranial compartment at the level of the foramen magnum, piercing the dura prior to their anastomosis at the vertebrobasilar junction (VBJ). Due to their passage through the transverse foramina of the cervical spine, the vertebral arteries, unlike the carotids, are tethered at multiple points along their course, resulting in varying mobility between segments. V1 (origin to C6 transverse foramen) and V3 (C2 transverse foramen to foramen magnum) represent the most mobile segments, while V2 (C6 transverse foramen to C2 transverse foramen) and V4 (foramen magnum to VBJ) are relatively fixed in place. As a result of their mobility, V1 and V3 are most commonly involved in dissections 19 . Yamaura et al. 9 further divided the V4 segment into three subdivisions: V4 (1), between C1 and dural penetration, V4 (2), between the dural penetration and the origin of the PICA and V4 (3), between the origin of PICA and the unification with the opposite VA. The authors reported involvement of VA at V4 (3) in 8/19 cases and at V4 (2,3) in 11/19 cases. None of the VADs demonstrated only V4 (1) or V4 (2) involvement in their study.
The left vertebral artery, occurring with an incidence of approximately 80%, is more commonly the dominant of the two vertebral arteries. However, multiple studies have shown the right vertebral artery to be most commonly involved in VADs 33, 34 . Furthermore, the sidedness of dissection may play an important role in determining the presenting pathology. Bilateral VADs, although significantly less common, have been reported to occur in up to 15% of cases [33] [34] [35] .
The anatomical and histological classification of intracranial VADs has important clinical implications based on the segment of vessel dissected and the location of the mural hematoma 2 . Extracranial VADs tend to result from subintimal extravasation or extravasation between the intima and media. This most commonly results in ischemic phenomena as the pro-thrombotic sub-endothelial vessel wall is exposed to blood.
Intracranial dissection can result in both ischemic phenomena and SAH. Group 1 intracranial VADs which are limited to the V4 seg-also appears to be a significant risk factor for the development of VAD-associated ischemia, with those suffering an ischemic stroke averaging an age of 54.6 years 16, 17 .
Pathophysiology
Multiple etiologies have been implicated in the development of a VAD and these have been associated with inconsistent terminology. VADs begin as a tear in the intimal lining of the vessel, thereby creating a "false lumen" which acts as an alternative conduit for blood flow 2, [18] [19] [20] [21] [22] . Subintimal extravasation of blood or blood between the intima and media result in a true dissection and is the most common form of extracranial dissection 23 . Damage to the intimal lining exposes the pro-thrombotic subendothelial vessel wall, which may act as a source of thrombus formation and potential embolization 24, 25 .
If high pressure arterial blood enters the false lumen and dissects through the layers of the tunica media or in between the media and adventitia a dissecting aneurysm is formed 23 . An expanding hematoma can accumulates within the vessel wall as pro-thrombotic subendothelial vessel wall is exposed to blood. This may result in thrombotic phenomena, parent vessel occlusion due to progressive stenosis or hematoma expansion, or SAH due to extension through the adventitia 1, 2, 9, 12, 23, 26 .
If the dissection continues to involve all three layers of the vessel a pseudoaneurysm may form with subsequent encapsulation of the extravascular hematoma 23 . Due to the lack of an external elastic lamina and fewer elastic fibers in the tunica media, intracranial VADs may also present as a hemorrhage, with the pseudoaneurysm wall rupturing into the surrounding subarachnoid space 1, 2, 9, 12, 27 . Pseudoaneurysms associated with a VAD represent approximately 28% of posterior circulation and 3.3% of all intracranial aneurysms and may rupture acutely or remote from the time of dissection [28] [29] [30] [31] . Additionally, these lesions represent the underlying causative agent in approximately 10% of all cases of non-traumatic SAH 2, 18, 26 . These pseudoaneurysms have a high propensity for rupture, with series demonstrating up to 73% of pseudoaneurysms presenting with SAH, while only 27% of symptomatic lesions presented with bulbar signs/symptoms or cerebellar ischemia 32 .
Clinical Presentation
The clinical presentation of intracranial VAD varies greatly and consists of signs and symptoms referable to hemorrhage, ischemia, and cranial neuropathies. The most common association with VAD is recent or remote trauma [44] [45] [46] [47] [48] [49] [50] [51] [52] . This may include minor trauma and craniocervical manipulation including massage 42, [53] [54] [55] . These seemingly trivial traumas may cause direct injury to the VA or cause focal stretching at the V3/V4 junction, which is fixed around the dura. VAD that occurs at the craniocervical junction may extend both proximally and distally. As a result, patients may present to various practitioners within multiple specialties and with different levels of acuity. Neurosurgeons most often encounter VAD in the setting of a SAH or acute ischemic stroke, while neurologists and primary care physicians commonly diagnose VAD in the work-up of headache and neck pain 6, 9, 56, 57 . As many as 8%, are asymptomatic and represent an incidental finding on imaging of unrelated pathology, such as symptomatic internal carotid dissections and sinus thrombosis 17, 58, 59 . Nevertheless, symptomatic patients may complain of nonspecific symptoms, including headache, vertigo, nausea/vomiting, tinnitus, double vision, hearing loss, dysesthesia, and dysphasia 17, 60 . Headache, one of the most commonly cited complaints following VAD, often fails to be associated with distinguishing features 61 . Due to this variability, it is important to maintain a high level of clinical suspicion and to differentiate between hemorrhagic, ischemic, and compressive signs and symptoms.
VAD in the Pediatric Population
Although occurring less frequently than in adults, traumatic VAD has also been reported in the pediatric population 62, 63 .
As demonstrated by Nguyen et al. 64 , the presence of VAD in a child should raise clinical suspicion of child abuse. Within this population, VAD was found to be more common in males (mean age, 8.24 years) and harbor a higher incidence of hemorrhagic presentations. Although there is a paucity of literature pertaining to the management of pediatric VADs, successful conservative management has been reported in a child as young as three months old 65 . ment without involvement of the basilar artery are the most common. These often develop dissecting aneurysms or pseudoaneurysms resulting in SAH. Thrombotic phenomena are also possible as thrombi formed within dissecting aneurysms or pseudoaneurysms may embolize 2, 5, 6, 23 . Less commonly VADs can extend to include the basilar artery (Group 2). These commonly result in a subintimal hematoma, thereby leading to signs and symptoms of brainstem ischemia, rather than SAH. With time, these dissections may result in an ischemic stroke or SAH several weeks or months remote from the time of the initial insult 2 .
Modifiable and Non-Modifiable Risk Factors for Dissection
Vascular risk factors that contribute to coronary artery disease and stroke have also been found to contribute to the development of VADs. Hypercholesterdemia, smoking, OCPs, a history of migraine, and hypertension have all been linked to VADs 16, 35 . Hypertension has been reported in as high as 50% of the patients with VADs 33 . Smoking may increase the risk of VAD through its pleiotropic effect on vascular homeostasis including platelet activation, inhibition of substance-P-induced tissue plasminogen activator release, impaired vasodilation, and increased inflammation [36] [37] [38] [39] . These pathologic changes lead to endothelial dysfunction and result in activation of the coagulation cascade, thereby increasing the risk of thrombus formation and embolization.
A thorough review of the literature does not consistently reveal gender predominance for VADs. A male predominance is found in some studies 16, 17, 27 . We found only one study which demonstrated female predominance 40 . Due to the protective vascular effects of estrogen, women may potentially possess a lower risk of ischemic disease following VADs when compared to men. This protective effect appears to be lost with aging, as post-menopausal women on hormonal therapy have been shown to be at increased risk of stroke 41 . Furthermore, the use of oral contraceptives (OCPs) has been shown to be associated with a higher risk of VADs 16, 35 .
VADs are associated with connective tissue disorders including Ehler-Danlos Syndrome, Marfan syndrome, polycystic kidney disease, and osteogenesis imperfect type I, fibromuscular dysplasia (FMD), cystic medial necrosis 14, 22, 35, 42, 43 . mission 67% of these patients had suffered an ischemic stroke, while the additional 10% presented following a transient ischemic attack (TIA) 16, 35 . Head and/or neck pain was associated with about 88% of patients presenting
Ischemic Presentation
In a large prospective study, as many as 77% of patients diagnosed with VAD presented with findings secondary to ischemia. On ad- Figure 1 Ischemic complications of vertebral artery dissection. A 46-year-old woman presented with worsening headaches, nausea, and dizziness one week after the acute onset of left-sided neck pain during chiropractic manipulation. A) Axial T1 fat saturation MRI demonstrates a hyperintense signal surrounding the left vertebral artery (white arrow) indicating dissection. B) Axial FLAIR MRI shows a subacute infarct in the distribution of the left PICA. C) Axial T1 fat saturation MRI in a 32-year-old man who suffered the acute onset of left-sided neck pain without preceding trauma. The left vertebral artery is shown to be dissected, as evidenced by the hyperintense intimal flap and associated thrombus (white arrow). D) Diffusionweighted MRI demonstrates diffuse acute infarcts in the pons, left occipital lobe, and left mesial temporal lobe. The patient presented intubated and was found to be locked-in on examination.
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Imaging Findings
Multiple imaging modalities currently exist to aid in the diagnosis of VAD dissection. Catheter angiography (DSA) remains the "gold standard", however, the increasing sophistication of non-invasive techniques has improved the reliance on magnetic resonance (MR) imaging, MR angiography (MRA), and computed tomography angiography CTA) 33, 35, 75 .
Invasive Techniques
Using catheter angiography, VAD demonstrates a number of classical findings, including, the pearl and string sign, a double lumen or rosette, or a simple fusiform dilatation of the dissected segment. Angiography may also reveal a delayed clearance of contrast from the false lumen of the dissected vessel 57, 73, [76] [77] [78] [79] . In cases of vessel occlusion secondary to dissection, the dissected vessel may exhibit an abrupt or tapered "cut off" beyond which the flow of contrast cannot be visualized 17, 32 . The pearl and string sign, which is representative of a dilatation adjacent to the narrowed dissected segment, has been demonstrated in as many as 91% of VAD 72. Additional studies have shown the double lumen and pearl and string signs to be the only reliable angiographic findings diagnostic of VAD 9,17,56.
Non-Invasive Techniques Magnetic Resonance Imaging Techniques
Magnetic resonance imaging (MRI) and magnetic resonance angiography (MRA) offer sensitive non-invasive means by which to detect cervical and intracranial dissections 80 . One of the advantages of MRA is the reproducibility of the technique, the uniformity between vendors and the minimal interoperator variation. A recently published study has shown higher accuracy for predicting intracranial VAD with T2-weighted MRI and basi-parallel anatomical scanning (BPAS-MRI) compared to T2-weighted MRI and conventional angiography 75 . The diagnosis of VAD generally depends on the demonstration of intramural hematoma and alteration in the caliber of the patent lumen. The shape of intramural hematoma varies, depending on the relationship between the axis of the affected vessel and the imaging with ischemia, while 5% of patients complained of pulsatile tinnitus 35 . Isolated occipital head and/or neck pain has been reported in up to 12% of patients suffering an ischemic event in the wake of a VAD 16, 17, 35 .
There is significant variability in the severity of the neurologic deficit encountered in patients suffering an ischemic stroke secondary to a VAD. Studies have reported a National Institutes of Health Stroke Score ranging from 1 to 35, with an average admission score of 3.
In patients first suffering a TIA (13%), the median time interval from TIA to stroke onset was 24 hours (range 1h-17 days) 35 . Overall, more than 50% of patients with intracranial VAD present with brain stem ischemia. Wallenberg syndrome is commonly seen in patients afflicted with intracranial VAD, being reported in 26%-43% of cases ( Figure 1 ) 40, 57, 66 .
Old age and basilar artery involvement have been shown to be independent predictors of poor outcome in symptomatic intracranial VAD with ischemic presentation 67 .
Subarachnoid Hemorrhage
Whereas extracranial VAD almost exclusively presents with ischemic disease, subarachnoid hemorrhage represents a significant complication of intracranial VAD ( Figure 2 ) 56,68-71 . Intracranial pseudoaneurysms associated with VAD frequently rupture and result in massive SAH 2, 5, 7, 12, 18, 29 . Furthermore, these aneurysms have shown a propensity to rebleed, with rehemorrhage rates ranging from 30 to 58% within 24 hours of the initial bleed 7,12,18,22,34,72. Yamada et al. reported rebleeding in 71.4% of patients within six hours and 93% within 24 hours 34 . The vascular healing process is long, starting one week after the rupture which might explain this high recurrent bleeding rate 18 . In some cases these aneurysms are incidental findings without clinical evidence of rupture 28 weighted images, an overall increase in the diameter of the affected vessel compared with the normal side, a double lumen, and enhancement of the wall and the septum on contrastenhanced images that are obtained with a 3D spoiled gradient-recalled acquisition in the steady state (SPGR) 17 .
On MRA vascular dissection may appear as a tapered or narrowed vessel lumen. Medium to large sized pseudoaneurysms or sacculations are reliably identified with non-contrast MRA 80, 83, 83 . When dissection results in thrombosis of the vessel, it can be difficult to distinguish from occlusion by other etiologies (e.g. plane. The following shapes have been demonstrated: curvilinear, crescentic (circumferential), bamboo-cut, band-line and spotty 81 . The signal intensity on T1-weighted, fat suppressed (or "black blood" imaging) images of intramural hematoma changes from isointense/slightly hyperintense in the acute setting to hyperintense in the subacute and back to isointense in chronic settings. Fat suppression is a beneficial component of the imaging sequence in order to aid in discrimination between periaterial atheroma from intramural hematoma 82 . Other complementary MRI findings include an identifiable intimal flap on proton density-or T2- Modern CTA reliably demonstrates many of the findings seen on traditional DSA, including changes in vessel caliber, false lumens, fusiform dilatations, and pseudoaneurysms 84, 87 . The most reliable criterion for the diagnosis of acute arterial dissection is likely a narrowed, eccentric lumen in association with enlargement of the overall diameter of the dissected artery from mural thickening (compared to contralateral side) 88 . Zenteno et al. summarized CTA and MRA findings in their series as 1) a focal dilatation 2) an intimal flap 3) increase in the outer diameter of the vessel and 4) narrowing or an occlusion of the vessel lumen 72 . Vertinsky et al. 89 compared the sensitivity of CTA and MRA in 25 VAD and found that CTA excelled in identification of intimal flaps, pseudoaneurysms and high grade stenoses. Lum et al. showed that alteration in wall thickness on CTA is a more sensitive criterion than change in luminal diameter in VAD 90 . A meta-analysis of 91 articles that compared the performance of MRI, MRA and CTA with DSA for detection of carotid and vertebral artery injury found that the reported sensitivity and specificity for CTA and MRA are fairly similar 91 .
Limitations of Imaging
It must be realized that arterial dissection represents a dynamic condition that may demonstrate spontaneous improvement, gradual progression, or immediate deterioration, as is seen in the growth of pseudoaneurysms and aneurysmal rupture 57, 92 . As a result, no single imaging study is definitive, and arterial dissections must be followed radiographically until resolved or stable for a prolonged period of time 73, 87 . Although catheter angiography is still considered to be the gold standard in neurovascular imaging, it has the intrinsic limitations of being operator dependent, invasive, carrying an inherent risk of stroke or vascular injury, and a substantially larger contrast load than CT angiography is required. Clinical guidelines generally recommend prudent follow-up and evaluation of VAD using non-invasive means.
Spontaneous resolution of VAD is well-documented within the literature and the incidence atheroma, emboli). In some cases VAD may be a diagnosis of exclusion. Sensitivity and specificity of MRA in VAD is 20% and 100%, respectively and 60% and 98% for MRI, making it a valuable tool for screening, diagnosis, and follow-up 85, 86 .
Dynamic contrast enhanced MRA (DCE-MRA) is often used to improve visualization of the complex anatomy of the cervical vasculature. A properly timed bolus of MR contrast agent (Gadolinium-DTPA) is imaged using a special rapid technique as it passes through the arterial tree. This provides greatly improved visualization of the entire cerebrovascular circulation; from the aortic arch through the circle of Willis in less than one-minute. Moreover, the areas of anatomy challenging to interrogate with non-contrast MRA are visualized reliably using this technique.
The disadvantage of MRI/MRA is the significantly lower spatial resolution compared to CT angiography or DSA. This is notably apparent with the larger slice partitions used in MRA over CTA. Therefore, subtle or short segment dissections may be difficult to discern reliably. Moreover, the complex anatomy of the V3 and V4 segments may cause artifactual loss of flow in the segments that orient horizontally to the slice plane. This may render key portions of the VA invisible on MRA. In addition, the fat-suppression techniques relied upon for conventional MR imaging to identify subintimal thrombus can fail at the cervico-thoracic and cranio-cervical junctions. This can lower the sensitivity of the method.
Computed Tomographic Imaging
The technical evolution to multi-detector computed tomography (MDCT) has facilitated the development of CT angiography (CTA). These efficient scanners are able to image large segments of the body during the few seconds that intravascular contrast agent floods the arterial tree. CTA evaluation cranio-cervical circulation can be obtained in less than thirty seconds. The reconstructed images are of angiographic quality. Moreover, unlike catheter angiography, an unlimited number of projections can be obtained from one data acquisition. This allows the physician the luxury of interrogating the vasculature off-line without the need for additional contrast, radiation or catheterizations. CTA is particularly beneficial as an emergent screening method for instances of suspect-months and stopped when evidence of recanalization was found on imaging. This stands in contrast to the majority of patients with spontaneous extracranial VAD who were usually treated with intravenous heparin followed by oral warfarin with a target international normalization ratio (INR) of 2-3 for three to six months. Favorable outcomes were achieved in 82% of patients treated with Aspirin, 77% for Aspirin/Warfarin, and 8% for Heparin/Warfarin. Although controversial, Metso et al. reported favorable outcomes (79% modified Rankin Scale, 0-2) in patients treated with a heparin to warfarin bridge for non-aneurysmal intracranial VADs 99 . After three months of warfarin therapy, the authors found only one de novo pseudo-aneurysm on follow-up imaging, while no patient suffered an intracranial hemorrhage during the period of anticoagulation.
There have been limited studies to assess outcomes of patients with intracranial VAD who were monitored without intervention 100, 101 . In the largest study by Mizutani, 155 of 190 patients with intracranial dissections involved the vertebral artery. In the 54 unruptured cases presenting with infarction 23 were treated with antiplatelet or anticoagulant, and the unruptured IADs without infarction were followed with blood pressure control. In the follow-up with 93 patients with unruptured intracranial artery dissection (IAD), one patient died to rupture of a dilated IAD and one patient died of brainstem infarction due to a basilar artery dissection. Three patients received surgical treatment due to IAD that enlarged within the first three months. Interestingly, dissections recurred in 18 of 190 patients in different arteries from the first dissection (9.5%) 100 .
In summary, the existing data derived from multiple clinical trials has been inconclusive, in part due to a lack of prospective randomized analysis, variable medical and surgical treatment algorithms, and differences in rates of treatment-associated hemorrhage 80, 102 . Furthermore, specific clinical scenarios, such as recurrent thromboembolic events on antiplatelet agents and complete vascular occlusion, may require further consideration of anticoagulation or endovascular or surgical intervention. In patients with non-SAH VAD, we recommend angiography; in patients without pseudoaneurysms, dissecting aneurysms, or significant stenosis, patients are treated with antiplatelet therapy. In patients with continued thromboembolic symptoms despite antiplatelet of spontaneous thrombosis of the pseudo-lumen may not be uncommon. In such instances, imaging may fail to detect an intramural hematoma due to the observation of the thrombosed wall within the subacute phase 17 . The variable most critical to the detection of dissection on MRI/A is the amount of time elapsed between symptom onset and imaging 17 . The sensitivity of both angiography and MRI for the detection of a dissection or intramural hematoma is limited in patients presenting less than a week or over one month out from the onset of symptoms 17, 83, 84 .
In summary, significant advances have been made in non-invasive imaging techniques for the diagnosis of intracranial vertebral artery dissections. Definitive diagnosis is often made with a combination of non-invasive imaging and/or DSA. Non-invasive imaging techniques play an essential role in follow-up imaging of VAD.
Management of Intracranial VAD
Medical Management
A large number of patients presenting with ischemic symptoms referable to a VAD may be managed medically. The Cervical Artery Dissection in Ischemic Stroke Patients (CADISP) Study Group published the most comprehensive review of the existing literature in regards to the medical management of dissections 24, 93 . As a result, the practice guidelines developed from this data largely represent the current medical management paradigms for VAD. A thorough review of the literature supports thromboembolism rather than hypo-perfusion, as the primary etiology of ischemia in the wake of a VAD 94 . Multiple non-invasive imaging modalities, including, CT and MRI, exhibit infarct patterns consistent with thromboembolism 24 . Additionally, angiographic data demonstrates branch occlusion of the intracranial vasculature distal to the dissected vessel suggestive of thromboembolic phenomena 24 . Some authors recommend refraining from anticoagulant treatment in all intracranial dissections or to perform lumbar puncture to rule out SAH prior to initiation of anticoagulant [95] [96] [97] [98] . This approach has not been evaluated in randomized trials. In a study by Arnold et al. 35 the majority of patients of intracranial VADs were treated with Aspirin 300 mg per day for three to six come Scale (GOS). Proximal trapping, internal trapping and bypass were performed in the ischemic group with good outcome. Katsuno et al. 105 presented a case of rupture of VAD when trapping was performed on the contralateral VA aneurysm. VA trapping has shown better results in prevention of recurrent bleeding compared to proximal ligation of VA or wrapping of the aneurysm 1, 6, 7, 18 .
Treatment of VA dissection involving the PICA is still controversial and challenging. If trapping is performed for these lesions, revascularization of the PICA such OA-PICA anastomosis and side-to-side PICA anastomosis may be required. If these options cannot be performed, then a VA-PICA anastomosis using a radial artery or saphenous vein graft is possible 106, 107 .
Endovascular Approach
The evolution of endovascular intervention has provided effective alternative means by which to treat these complex lesions, with reports of favorable outcomes as high as 89% 33, 108, 109 . Endovascular therapy offers the clear advantages of dramatically reduced operative time, minimally invasive technique, and elimination of donor vessel preparation for bypass procedures 80 . The utilization of angiography can establish a diagnosis, assess collateral blood flow, and allows for immediate intervention 1, 7, 29, 73 . In patients with ischemic symptoms, endovascular procedures may employ the use of antiplatelet agents and systemic anticoagulation to minimize thromboembolic complications that are precluded during microsurgical procedures 7 . Finally, when intracranial VAD occurs in the setting of multisystem trauma, endovascular therapy provides access to the diseased vessel at a site remote from additional severe injuries to the chest, neck, and head. VAD presenting with SAH can be successfully treated with endovascular approach, but anticoagulation and antiplatelet therapy must be used more cautiously 110 .
Traditional therapies largely consisted of vessel sacrifice with permanent occlusion of the diseased vessel segment (Figure 3 ). More recent treatments include the use of detachable coils, detachable balloons, liquid embolic agents such as Onyx to completely eliminate blood flow across the diseased segment or obliterate dissecting aneurysms or pseudoaneurysms 1, 4, 18, 74, 78, [111] [112] [113] [114] [115] [116] . Prior to complete exclusion of the therapy, we recommend endovascular or surgical intervention and anticoagulation when patients cannot be treated. In patients with dissecting aneurysms, pseudoaneurysms, significant stenosis, or dissection associated with SAH, we recommend endovascular or surgical intervention. As the best medical therapy remains unclear, a randomized controlled trial is needed and ethically justified, but a large sample size would be necessary making this a tremendous venture.
Surgical Intervention and the Management of VAD
Open Surgical Intervention
The vast majority of these cases whereby operative management is indicated present as true neurosurgical emergencies and, include hemodynamic insufficiency secondary to severe stenosis or occlusion of the dissected vertebral artery, subarachnoid hemorrhage, or new onset cranial neuropathy due to an expanding pseudoaneurysm. SAH caused by dissection, dissecting aneurysms, or pseudoaneurysms may carry a rerupture as high 70% within the first six hours and 93% in first 24 hours from presentation, making prompt vascular treatment a surgical emergency 18, 34 . Traditionally, these instances could only be addressed with open surgical intervention, consisting of proximal ligation of the dissected vessel, clipping or wrapping of associated pseudoaneurysms, and extracranial to intracranial bypass. These procedures, although effective in re-establishing blood flow, require extended operative time for exposure of the diseased vessel, microsurgical techniques, and careful manipulation of the dissected artery during anastomosis. In the setting of acute hypoperfusion and evolving infarct or SAH, such extensive and time-consuming procedures were of limited utility. Furthermore, these open interventions have been shown to carry relatively high rates of morbidity and mortality 22, 103 .
Surgical procedures performed for the management of intracranial VAD include proximal clipping, clipping of the aneurysm and trapping. Takemoto et al. 104 reported surgical treatment of 14 patients. Patients presented with hemorrhage (5/14), ischemia (8/14) and headache (1/14) . Internal trapping was performed in hemorrhagic patients with severe Glasgow Out-of endovascular surgery has often shifted from vessel sacrifice to one of vessel/endoluminal reconstruction, particularly in the setting of ischemic disease, fusiform dilatations, and widenecked pseudoaneurysms 31, 33, 12, 18, 78, 115, [119] [120] [121] [122] [123] . Stent deployment offers the advantages of maintained blood flow throughout the course of the procedure and the ability to tack down the intimal flap against the vessel wall, thereby eliminating a source of thromboembolism 124. Multiple studies have demonstrated successful obliteration of pseudoaneurysms (up to 91%) and restoration of the normal vessel caliber solely using stent reconstruction 72 . Unfortunately, the time interval from stenting to complete occlusion is unpredictable, thereby exposing patients to continued risk of hemorrhage or thromboembolism until complete obliteration occurs. vessel from the circulation, a diagnostic angiogram is performed to evaluate for the presence of collateral circulation, determine the length of the dissected segment, and identify vertebral artery dominance. A balloon occlusion test is also recommended when possible.
Long-term follow-up of the patients treated with parent vessel sacrifice has often revealed acceptable results, yet these interventions are not performed without significant complications 4, 78, 117, 118 . Often these complications stem from failure to completely occlude the vessel at the time of initial treatment, coil compaction and subsequent recanalization, or the use of antiplatelet therapy for the prevention of postoperative thromboembolism.
With the development of increasingly sophisticated stent and balloon technology, the goal Improvement in the noninvasive diagnostic techniques has allowed early detection and treatment of this condition. Management is based on clinical presentation, the location of the dissection, and the presence of associated pseudoaneurysms. In the setting of acute hemorrhage, early intervention is critical in order to prevent significant morbidity and mortality associated with rehemorrhage. With an ischemic presentation, early medical management may be started, and close clinical and radiological follow-up is mandatory. Endovascular intervention is reserved for patients with refractory ischemia, severe stenosis, diminished collateral supply to the vascular territory at risk, and associated dissecting aneurysms and pseudoaneurysms. Surgical intervention is often necessary in the treatment of complex dissections and those with associated dissecting aneurysms and pseudoaneurysms. The complexity of these lesions warrants transfer of patient to centers where care can be carried out by a multimodality team trained in neurocritical care, endovascular therapy, and microsurgery.
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Further endovascular techniques have developed to try to preserve parent vessels through vessel reconstruction and flow diversion. Stentwithin-stent techniques provide more metal coverage across the dissection thereby causing significant stagnation of flow within the aneurysm and eventual thrombosis and exclusion from the circulation 30, 108, 125 . Shin et al. 124 reported the successful treatment of seven VAD with single, multiple, and double stent (stent-withinstent) techniques (Figure 3 ). Park et al. found that authors found complete or partial obliteration was more frequent in the multiple stent ( Figure 2B) 126 .
Most recently through the use of the Pipeline stent (ev3 Neurovascular, Irvine, CA, USA) has been used for endoluminal reconstruction using flow diversion [127] [128] [129] [130] . Similar to the stent-withinstent technique, the Pipeline stent has more metal coverage allowing for eventual thrombosis and exclusion from the circulation. This stent is designed to occlude aneurysms through increased metal coverage, but uphold flow through perforating vessels. Preliminary studies with dissections, dissecting aneurysms, and pseudoaneurysms have been favorable [127] [128] [129] [130] , but perforator vessel flow may not always be preserved 131 , and further long-term studies are necessary.
Conclusions
Intracranial VAD is an important cause of morbidity and mortality. These lesions present with variable signs and symptoms which need to be readily identified to prevent complications such as recurrent hemorrhage or ischemia.
